proteins. Consequently, we generated Δlgt/ΔprfA double mutants to detect lipoproteins belonging to the main virulence regulon that is controlled by PrfA. Overall we identified three lipoproteins whose extracellular levels are regulated and one that is post-translational modified by PrfA.
Introduction
Surface proteins play key roles in the interactions of bacteria with their environment. They contribute significantly to both the adaptation to environmental changes and the uptake of nutrients and can also mediate decisive functions during the infection cycle of bacterial pathogens. In the case of Listeria monocytogenes, a Gram-positive bacterium responsible for severe food-borne infections in humans and animals, several surface proteins with a critical role in host-pathogen interactions have been identified (50) . Depending on the expression of several essential virulence factors, all under the control of the positive transcription regulator PrfA, L. monocytogenes is able to invade and multiply even in non-phagocytic cells. Its ability to spread directly from cell to cell enables the facultative intracellular pathogen to cross different internal mammalian barriers leading to syndromes such as meningitis, encephalitis, sepsis or spontaneous abortion. Surface proteins are attached to the bacterial envelope by several distinct mechanisms (5, 25) .
Among a total of 132 predicted surface proteins of L. monocytogenes (36, 49) , lipoproteins presented the largest group of proteins with a common surface retention motif. Bacterial lipoproteins are characterized by the presence of specific signal peptides that are usually shorter than classical signal peptides and exhibit a characteristic consensus sequence, referred to as lipobox (commonly -Leu -3 -Ser/Ala -2 -Ala/Gly -1 -Cys +1 -) (38, 52) . Lipoproteins are anchored to the outer surface of the cell membrane by a diacylglyceryl moiety, which is covalently bound to the invariant cysteine of the lipobox. The biosynthetic pathway of bacterial lipoproteins has been studied in detail using Brauns` lipoprotein of Escherichia coli (33) : The key step for their subcellular localization, the lipidation, is catalyzed by the prolipoprotein diacylglyceryl transferase (Lgt). Lgt mediates the transfer of the diacylglceryl moiety from phosphatidylglycerol to the sulfhydryl group of the conserved cysteine. The same position is recognized by a lipoprotein-specific signal peptidase II (Lsp, or SPase II) that cleaves the signal peptide within the lipobox (44) . Analysis of the lipoprotein pathway in E. coli demonstrated that modification by Lgt is a prerequisite for Lsp activity, which suggests the requirement of a modified cysteine to coordinate the processes of maturation (13, 46) . In Gram-negative bacteria the N-terminal cysteine is further modified by addition of an amide-linked fatty acid by lipoprotein aminoacyl transferase (Lnt). As no orthologue of this enzyme has been found in the genomes of low G+C Gram-positive bacteria this step in lipoprotein modification is obviously not conserved in all prokaryotes (22, 30) . 5 10 15 In Gram-positive bacteria lipoproteins perform various important roles in the milieu of the cell surface (for review see (41) ). They form key components in many transport systems such as ABC-transporters, but are also known to be involved in host-pathogen interactions, e.g., initiating inflammatory processes or facilitating adherence to eukaryotic cells (1, 9, 18) . The genome of L. monocytogenes encodes 68 putative lipoproteins comprising 28 substrate binding components of ABC transport systems, 15 lipoproteins predicted to be involved in different enzymatic and metabolic activities, and remarkably 25 lipoproteins of unknown function (12) . Bioinformatic genome analyses have been shown to be a powerful tool for the identification and functional assignment of putative lipoproteins (39, 40) . However, pattern searches or web services created for the prediction of bacterial lipoproteins either are based on relatively small datasets of experimentally verified lipoproteins (38) or focusing on analyses of lipoproteins from Gram-negative bacteria (Lipo at http://www.bioinfo.no/tools/lipo or LipoP at http://www.cbs.dtu.dk/ser- 20 vices/LipoP/), though lipoboxes of Gram-negative and Gram-positive bacteria seem to be similar (43) . Furthermore, the influence of the process of lipoprotein maturation on their activity at the cell surface remains incompletely characterized and makes their functional investigation a challenging task especially in Gram-positive bacteria where their expression is additionally masked under a thick peptidoglycan layer.
Reglier-Poupet et al. (31) , who inactivated the gene encoding the lipoprotein-specific signal peptidase II of L. monocytogenes, already demonstrated that maturation of lipoproteins is crucial for efficient phagosomal escape of the pathogen. However, this approach probably can not provide information regarding the relevance of individual members of this protein family.
Inactivation of proteolytic lipoprotein processing might result in a surface accumulation of unprocessed proteins, which would affect bacterial growth rates and their capacity to survive hostile environmental conditions. 
MATERIALS AND METHODS

Bacterial strains, plasmids and growth conditions
Listeria strains used in this work are the L. monocytogenes EGDe wild-type (12) , and the isogenic strain ΔprfA (8). The Δlgt strain, the complemented Δlgt (pE1lgt) strain, the Δlgt (pES11) strain, the Δlgt/ΔprfA (pES11) strain and the PrfA-overexpressing Δlgt (pEPS11prfa) strain were generated in the same genetic background (this work). Strains were grown in Brain-heart infusion (BHI) or minimal medium, supplemented with 5µg/ml erythromycin when carrying plasmids. Cultivations of bacteria in minimal medium were performed as previously described (49) . For the inactivation of lipoprotein-specific signal peptidase II (Lsp) 20mg Globomycin (Sankyo Co., Tokyo) was dissolved in 1ml 70% (v/v) ethanol and applied to BHI at a concentration of 100µg/ml.
Construction of the expression vectors pE1, pES11 and pEPS11
To obtain the pE1 expression vector the pAT28 vector (48) was digested with XbaI and SphI. A new polylinker region (with restriction sites for NdeI, NcoI, NruI, ClaI, BglII, SalI, XbaI) was inserted using the oligonucleotides: 5'-TCGAGCATATGCCATGGTCGCGAATCGATA GATCTGTCGACTGAGTAGGTAAT-3' and 5'-CTAGATTACCTACTCAGTCGACAGATC TATCGATTCGCGACCATGGCATATGCTCGAGCATG-3'. The Linker was annealed and phosphorylated and generated XbaI and SphI overlaps. It was cloned into the digested pAT28 vector. The resulting derivative (pLig46) was digested with NdeI and XhoI. A 0.23 kb fragment encompassing the promoter region of actA was PCR amplified using L. monocytogenes total DNA as template and the primer pair: 5'-TTTAATCCCATATGTACTCCCTCCTCG-3' and 5'-TGAAGCTCGAGAAGCAGTTGGGGT-3'containing the sequence recognized by restriction endonuclease NdeI and XhoI. The amplification product was digested with NdeI and XhoI and ligated to pLig46. This generated the derivative (named pLig57) which was used for integration of a part of the lisA terminator region. For this reason pLig 57 was digested with XbaI and cloned to a 85bp fragment encompassing the terminator region of lisA which was amplified using L. monocytogenes total DNA and the primer pair: 5'-AATAAAAAATCTAGA 5 ATAAAACCGCTTAAC-3' and 5'-GATAAACATCTAGATATTCTTTTACATTTG-3' containing a sequence recognized by restriciton endonuclease XbaI at the 5'-and 3-end of the fragment. The fragment was digested with XbaI and cloned into pLig 57. The resulting recombinant plasmid pLig57b was necessary as cloning vector for the final expression vector pE1. To obtain pE1 the pLig57b was digested with XhoI and BamHI, the resulting 0.5 kbfragment was cloned into the vector pCGU34 (27) Protoplasts were disrupted by incubation on ice (10min) followed by homogenization with a Potter glass homogenizer. After centrifugation at 10,000xg (5min, 4°C) to remove cell debris and remaining bacteria, membranes of the supernatant were pelleted by centrifugation at 100,000xg
for 20min (4°C). Isolation of membrane proteins was performed by chloroform/methanol extraction as previously described by (53) . Proteins were separated by SDS-PAGE, transferred to a PVDF membrane and exposed to a Fujifilm imaging plate (type BAS-MS 2025) for 2-3 weeks.
[14C]-labeled protein bands were visualized with a Fujifilm BAS-2500 phosphorimager (Raytest, Straubenhardt, Germany). Preparation and 2D-PAGE of extracellular protein fractions 500 ml cultures of bacteria cultivated in ultrafiltrated (10kDa cutoff) BHI or minimal medium were harvested by centrifugation (3,000xg, 10 min, 4°C). The culture supernatants were filtered (0.22µm) and extracellular proteins were precipitated as previously described (49) . The dried protein pellets were resolved in rehydration buffer (7 M urea, 2 M thiourea, 4% CHAPS, 30mM
DTT, 1.65 mM Tris 0.5% IPG buffer (Amersham Biociences), protease inhibitor (Complete TM , Roche) and protein concentration was determined according to Bradford (1976) . Isoeletric focussing was performed on IPGphor units using 18 cm immobilized pH gradients (pH 4-7) at a total voltage of 100-120kVh (0V for 4h, 30V for 10h, 30-300V for 3h, 300-3,000V for 6h, 300-5,500V for 3h, 5,500V till the end). The second dimension was carried out as described (36) using 12-15% gradient polyacrylamide gels. The gels were stained with RuBPS according to Rabilloud (29) , recorded (CCD camera LAS-1000, Raytest, Straubenhardt, Germany) and subsequently analyzed with ProteomWeaver 2.1 (Definiens, Munich, Germany). 
Protein identification by mass spectrometry
For mass spectrometry, proteins cut from the 2D gels were handled as described by (36) . Proteins were identified by peptide-mass fingerprint as well as post-source decay fragmentation data recorded on a Bruker Ultraflex MALDI-TOF mass spectrometer (Ultraflex, Bruker Daltonics, Bremen). Evaluation of the spectra was carried out with the Biotools software (Bruker Daltonics) along with the MASCOT search engine (version 1.9; Matrix Science, London, UK). The criteria used to accept protein identifications included the extend of sequence coverage (minimum of 30%), the number of peptides matched (minimum of 5) and the score of probability (minimum of 70 for the Mowse score). Lower-scoring proteins were either verified manually or rejected.
In vitro infection analyses
The 
RESULTS
Deletion of lgt does not affect bacterial growth in BHI but impairs intracellular growth within host cells
The open reading frame lmo2482 in the genome of L. monocytogenes EDGe wild-type has been annotated as prolipoprotein diacylglyceryl transferase (lgt) (12) . Lmo2482 encodes a protein of 277 amino acids with a calculated molecular mass of 31.7 kDa. The gene product contains seven putative transmembrane domains (3) and has 59% amino acid identity with Lgt from B. subtilis.
A homology search by Blast revealed that Lgt is highly conserved in the genus Listeria, sharing 98-100% identity with the published L. monocytogenes genomes of the food isolates F2365, F6854 and H7858 and 94% amino acid identity with Lgt (Lin2625) of the non-pathogenic species L. innocua. As observed for other bacteria no further open reading frame coding for a prolipoprotein diacylglyceryl transferase paralogue could be deduced from these genome analyses. We inactivated the proposed lgt gene of L. monocytogenes EDGe by constructing an inframe deletion mutant. Compared to the parent strain the mutant (Δlgt) displayed no differences with respect to cell and colony morphology and in vitro growth analyses that were performed in brain-heart infusion (BHI) at 37°C (data not shown). The growth rates of both strains were almost identical in the logarithmic phase. This observation indicated that Lgt is not essential for viability or cell division in rich medium. Next we characterized the Δlgt strain (i) under nutrient stress and (ii) more hostile conditions occurring during the process of host cell invasion and intracellular growth. Cultivation in minimal medium resulted in slightly lower growth rates and a reduced final optical density of the deletion strain compared to the wt ( Figure S3 ). To analyze whether lipoproteins and in particular their lipidation contribute significantly to the pathogenicity of L. monocytogenes, we exposed the non-professional phagocytic mouse fibroblast cell line 3T3 to the wild-type strain or the Δlgt mutant using a multiplicity of infection of 100 (bacteria / cell). Three hours post infection double staining with an anti-Listeria antibody and ß-phalloidin to visualize F-actin showed that the Δlgt mutant was generally able to invade and to replicate within the mouse fibroblast cell line. The mutant strain also formed actin tails similar to the wild-type, indicating that inactivation of lgt did not interfere with intracellular motility ( Figure 1A ). Figure 1B ). This observation indicated that lgt inactivation has no effect on bacterial entry into these cell lines. In contrast, 3, 5 and 7h post infection the number of intracellular Δlgt bacteria was significantly lower than those of the wild-type. Both cell-lines revealed maximal relative reduction levels three hours post infection which was about 3-fold and 2-fold for 3T3 and Caco-2 cells, respectively.
At later time points we observed lower but still significant relative differences between wt and deletion mutant. In conclusion the in vitro infection results demonstrated that prolipoprotein anchoring by Lgt contributes to intracellular growth of L. monocytogenes.
Lgt is exclusively responsible for lipidation of prolipoproteins in L. monocytogenes
To ascertain that the effects described above are exclusively mediated by Lgt acting on lipoproteins we established a complementation strain by transforming the Δlgt mutant with a multicopy plasmid harboring the wild-type lgt gene downstream of a constitutive promoter. The resulting strain is referred to as Δlgt(pE1lgt). To analyze the expression of Lgt within the wild-type and the complemented strain we generated polyclonal antibodies. Immunoblot analysis using the affinitypurified anti-Lgt antibodies detected an increased expression of Lgt within the Δlgt(pE1lgt) strain compared to the wild-type. As expected, Lgt expression was abolished in the Δlgt mutant strain (Figure 2A ). Figure 2B ). Although the level of Lgt expression was found to be increased in the complemented strain, patterns and relative abundances of labeled proteins were remarkably similar compared to the wild-type strain. In contrast, no isotopically labeled protein was detected in the Δlgt strain, demonstrating that Lgt is exclusively responsible for the lipid modification of lipoproteins.
Deletion of lgt facilitates systematic identification and characterization of lipoproteins
To investigate the effects of lgt inactivation on lipoprotein anchoring in L. monocytogenes we examined the extracellular proteome of the Δlgt mutant by 2D gel electrophoresis. Bacteria were cultivated in BHI and proteins of the supernatant were obtained as previously described by Trost et al. (49) . We chose a pH gradient from 4 to 7 for the first gel dimensions, as only five of the 68 annotated lipoproteins (Lmo1903, Lmo2349, Lmo0821, Lmo1379, Lmo2854) have calculated isoelectric points above 7 (Supplementary data, Table S1 ). The extracellular expression pattern of the Δlgt mutant displayed striking differences to that of the wild-type ( Figure 3A) . Figure 3A ) that was detected in two different spots, featuring slight differences in their pIs and molecular masses. (Table 2) . Only Lmo2219 was processed in two slightly different forms. Whereas the acidic form (see spot 9, Figure 3A) represents the perfect mature lipoprotein, the basic form is a homogenous fraction of Lmo2219 starting with alanine at position -1. Apart from this peculiarity Lsp seemed to be exclusively responsible for the processing of lipoproteins. Furthermore, the lipidation by Lgt, which ensures the retention at the outer surface of the membrane, is obviously not an essential prerequisite for the Lsp-dependent processing of listerial prolipoproteins. This observation was surprising since previous studies on other species concluded that Lsp can only act on diacylglyceryl modified prolipoproteins (7, 13, 45). PrfA-dependent alteration of the total OppA protein level (OppA(1)+OppA(2)) could be detected.
To complement this comprehensive search for PrfA-regulated lipoproteins we extended our analysis to low abundant lipoproteins that could not be detected on the 2D-gels but may be involved in the pathogenic lifestyle of L. monocytogenes. We generated polyclonal antibodies against the predicted lipoproteins Lmo1800 and Lmo2595, that attracted our attention because Lmo1800 is a putative tyrosine phosphatase, an activity associated with virulence of YopA of Figure S2 ).
DISCUSSION
In this study we confirmed that the open reading frame lmo2482 of L. monocytogenes EGDe annotated as prolipoprotein diacylglyceryl transferase (lgt) (12) Lipoprotein generation by Lgt seems to be essential for growth in the Gram-negative bacteria
Escherichia coli and Salmonella typhimurium (11, 33) . In striking contrast, inactivation of the lgt gene does not affect viability in Bacillus subtilis, Streptococcus pneumoniae and Staphylococcus aureus (22, 28, 37) . It is conceivable that in contrast to Gram-negative bacteria unmodified lipoproteins of Gram-positive bacteria retain their biological activity at least partially or are involved in less important functions. This hypothesis is supported by investigations of the lipoprotein PrsA in B. subtilis, an extracellular chaperone which mediates stability of exported proteins and thus plays an important role in protein secretion (17) . Deletion of the prsA gene is lethal, indicating that PrsA is essential for growth in B. subtilis (20, 22) . The lgt knock-out of B.
subtilis is, however, fully viable, but significantly impaired in protein secretion (22) . Whereas 
Experimental and predictive characterization of listerial lipoproteins
An increased release of lipoproteins into the extracellular proteome of a Δlgt mutant has previously been reported in B. subtilis (2) . However, the extracellular levels of some autolysins were also increased in this mutant, demonstrating that inactivation of lgt also has an indirect effect on the release of non-lipoproteins. In contrast, we found no difference in secretion of non-lipoproteins between the Δlgt mutant and the wild-type of L. monocytogenes, although we improved our comparative proteome analysis by the use of narrow pH-gradients in the first gel dimension (Supplementary data, Figure S1 ). These data demonstrated our comparative extracellular proteom analysis as a simple and very reliable approach for the experimental verification of protein lipidation. Overall we identified and thus verified 26 of 68 putative lipoproteins (12) at different growth phases, depending on specific functions such as sensing environmental changes via specific or non-specific peptides. However, it is also possible that the proteins are expressed in parallel to guarantee an optimal nutrient supply. Proteome analyses of different growth phases based on this novel strategy will certainly help to study the mechanism of adaptation to environmental changes. Our results for L. monocytogenes were used to define a genus-specific lipobox prediction (Supplementary Table 2 ). The HMM did not find all annotated putative lipoproteins (68 in L.
monocytogenes EGDe) as its input is dependent on those proteins expressed under particular growth conditions, leading to a model that will miss more divergent lipobox sequences. However, when applied to the set of 33 Gram-positive verified lipoproteins used by Sutcliffe and Harrington (38) A. B. A. B.
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